That memory involves enduring physical changes in the organism has been proposed, using era-dependent metaphors, since antiquity. What is its relevance to the expression of memory? The Zeitgeist in the
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Yadin Dudai neurobiology of memory was until recently that the engram is indeed a lasting change induced by the learning experience, not much unlike the inscriptions on wax tablets proposed by Plato in the dialogue Theaetetus .
This view is now changing, however, which comes as no surprise to students of human psychology and cognition, who for years have claimed the most intriguing attribute of long-term memory to be its frailty rather than its stability. 4 Yet it is of interest to the science of memory as a whole to appreciate why the aforementioned conceptual change is taking place in brain research.
In analyzing the current transition in the interpretation of the engram, it is useful to spell out at the outset the two major, long-standing hypotheses in the neurobiology of memory. One is the " dual trace hypothesis, " the other the " consolidation hypothesis. " Derived mostly from the works of William James and Donald Hebb, the dual trace hypothesis posits that memory traces exist in two forms. 5 One is ephemeral (short-term memory, STM), the other long-term and stable (long-term memory, LTM). The consolidation hypothesis posits that for memory to become long-term, it must undergo a maturation process, which renders the trace resistant to some agents and treatments that can impair or erase short-term memory. 6 The consolidation hypothesis further assumed that consolidation occurs just once per item.
The dual trace and consolidation hypotheses are closely related. For the trace to be dual, transition from one form to another has to take place, which is consolidation; and for consolidation to take place, a change in the nature of the memory trace has to be assumed. Both hypotheses embrace a universal unifying concept in biology: Living entities develop and grow. Both consider learning to be an experience-dependent process in which the " teaching stimulus " triggers a local, restricted developmental shift in the relevant areas of the brain, involving local growth processes in interconnected sets of nerve cells. Memory is hence the outcome of growth processes in the neuronal circuits that encode the newly acquired information. Seen this way, brains never reach full maturity (admittedly, not a particularly surprising conclusion, scientifi c evidence notwithstanding). Edwin Holt epitomized this viewpoint in 1931:
" Growth and learning are one continuous process, to the earlier phases of which we give the one name, and to the later . . . the other. " 7 Or, an earlier similar view: " For every act of memory, " said Alexander Bain, " … It is noteworthy that the term consolidation is used in memory research to denote hypothetical memory stabilization processes at different levels of brain organization. Molecular neurobiologists refer to postencoding stabilization of synaptic or cell-wide information storage, which is completed within hours or days after encoding, as " cellular " or " synaptic consolidation. " Cellular consolidation is universal and has been identifi ed in all species capable of acquiring long-term memory. But there is also an additional process, called " systems consolidation, " which refers to the postencoding reorganization of information in distributed corticohippocampal circuits. This process requires weeks, months, possibly even years to complete. 9 In this chapter, unless otherwise indicated, consolidation refers to both synaptic and systems types of memory maturation.
The consolidation hypothesis thus implies two interrelated attributes of long-term memory: unidirectionality along the time arrow and stability over time. In particular, it was assumed that once consolidation is over, the memory item becomes resistant to a variety of amnesic agents, such as inhibitors of protein synthesis.
Retrieval Renders Old Memories Malleable Again
Ample evidence from human cognitive psychology indicates that recollection involves reconstruction of information rather than mere replication.
In parallel, animal studies have provided intriguing evidence that reactivation of items in long-term memory opens a window of susceptibility to amnesic agents, long after the completion of the postulated post-encoding consolidation. This phenomenon, termed " reconsolidation, " was nevertheless practically neglected for decades. There were two reasons for this neglect. First, the interpretation of the data on the apparent susceptibility of reactivated memories to interference in terms of a process of recurrent consolidation was challenged. Second, the dominance of the consolidation These include the degree of " dominance " of the reactivated trace compared to other associations of the same cue (i.e., the ability of that specifi c trace to control behavior after retrieval); competition with concomitant memory extinction; and, most pertinent to our discussion here, conditions that promote new encoding in or immediately after retrieval. representation becomes susceptible to amnesic agents (i.e., as the " strong version " predicts), related memory associations seem to be spared. 12 Whereas in laboratory settings reconsolidation is usually unveiled by detecting susceptibility to memory impairment after retrieval, in real life the process might provide an opportunity for the strengthening of the trace.
This observation, along with the fi nding that reconsolidation is promoted by the induction of an encoding state in the retrieval situation, raises the possibility that the role of reconsolidation may be to update memory. That is to say, the process promotes adaptation of the retrieved trace to the retrieval context. However, whereas the consolidation hypothesis postulates 
Malleability in the Absence of Retrieval
Recent data demonstrate that long-term memory (at least up to a few months after encoding) is susceptible to certain amnesic agents, even in the absence of explicit memory reactivation, that is, in the absence of retrieval. These agents are inhibitors of an enzyme, the atypical isozyme of protein kinase C (PKC) called PKM ζ . PKCs are molecules composed of a catalytic subunit, which catalyzes the modifi cation of the substrate proteins in vivo, and a regulatory subunit, which inhibits the catalytic subunit by binding to it via a specifi c part, termed the pseudosubstrate domain . In the absence of the regulatory subunit, the enzyme becomes constitutively active, or " autonomous. " PKM ζ is the autonomous form of PKC ζ . In laboratory experiments, PKM ζ can be selectively inhibited by a number of inhibitors, notable among them a cell-permeable form of the pseudosubstrate protein sequence, called the zeta inhibitory peptide (ZIP). PKM ζ has been reported to be critical to the maintenance of long-term potentiation (LTP), a popular cellular model of learning in the hippocampus. 13 The persistently active PKM ζ acts on specifi c synaptic substrates, leading to modifi cation of the microstructure of the synapse and, ultimately, to a substantial increase in the number of functional postsynaptic receptors for the major transmitter glutamate (particularly receptors of the subtype called " AMPA " ).
All this culminates in persistent enhancement of synaptic transmission, presumed to encode the experience-dependent alteration in the activity of the specifi c neuronal circuit, that is, the cellular manifestation of the memory formed by the specifi c experience.
Long-term spatial information in the hippocampus, subserved by LTP, was shown to critically depend on persistent activity of PKM ζ . 14 This was demonstrated by the microinfusion of the selective inhibitor ZIP into the hippocampus of the behaving rat. Additional forms of hippocampusdependent memories and some forms of amygdala-dependent memories were also shown to be impaired by the PKM ζ inhibitor. Although the hippocampus is indeed well known to play a critical role in some types of memory, it is the neocortex that is considered to serve as the ultimate repository of many types of long-term memory in the mammalian brain.
Microinfusion of ZIP into the neocortex was shown to rapidly erase remote memories in the behaving rat. The affected brain area was, however, still able to reacquire a new memory association, implying that information was depleted from the storage apparatus but the apparatus itself was not damaged . 15 These data thus suggest that PKM ζ permanently maintains the cellular machinery that embodies long-term memory. When the enzymatic activity is blocked briefl y, the experience-dependent synaptic modifi cations collapse, and so does the specifi c memory. One possibility is that the target of PKM ζ is a synaptic " tag " that is formed when new information is encoded, but is then degraded rapidly by dephosphorylation. In the absence of this tag, although the enzymatic activity recovers from the inhibition, the enzyme can no longer locate the proper phosphorylation site and therefore the tag is not regenerated and memory is lost.
Two main conclusions emerge from the fi ndings concerning the role of PKM ζ in long-term memory persistence. First, that some specifi c inhibitors (e.g., ZIP) can cause rapid, irreversible amnesia even in the absence of explicit memory reactivation. Thus postretrieval " reconsolidation " is not the only window of opportunity in which an item in long-term memory can be modifi ed. And second, neuronal changes that subserve long-term memory are not indelible modifi cations in synaptic structure, but remain dependent on ongoing enzymatic activity and thus are capable of rapid and dynamic alterations by experimental manipulations.
What might be the role of a mechanism that permits rapid erasure of long-term memory? Several possibilities come to mind. First, in situ, the cellular mechanism that requires persistent phosphorylation by PKM ζ might be regulated in selected synapses, possibly in a graded manner, resulting in fast, restricted modulation of local synaptic properties. Such rapid, local modulation of long-term synaptic plasticity might, for example, be useful in the course of fast incorporation of new experience into existing associative knowledge schemas in the neocortex, without necessarily activating other related associations that are accessed at the time of change. 16 Second, rapid inhibition of PKM ζ in specifi c synapses might result in a rapid shift of synapses to a reduced level of activity or even to a silent state.
This might be useful when previous accumulating modifi cations culminate in catastrophic " freezing " (e.g., a stable local minimum trap) of the computational abilities of the neuronal circuit, a situation that might be remedied by " rebooting. " (We can note again the abundance of era-dependent metaphors in discussions of brain function). And third, as some computational models suggest, circuits might saturate, a situation that might benefi t from erasure because it releases computational space for processing and storing new information.
Selective inhibitors of PKM ζ are, at this time, the only agents found capable of rapidly erasing certain types of long-term and remote memory associations in the mammalian brain in the absence of explicit memory reactivation. Since phosphorylation of synaptic proteins is implicated in many cellular models of memory encoding, and since the phosphorylation of a target protein can be reversed by another type of enzyme, protein phosphatase, further research on protein phosphatase inhibitors may lead to identifi cation of additional types of memory erasers.
Memories Active and Inactive
The recent fi ndings concerning modifi ability of long-term memory have revitalized an alternative conceptual framework to the aforementioned dual-trace and consolidation hypotheses. This alternative conceptual framework portrays memory items in two alternating states: active and inactive. 17 " Active " is the state of the memory trace immediately after encoding and retrieval. Occasionally the memory trace might also become activated independent of encoding and retrieval. Otherwise, the trace is " inactive. " Over time, so goes the hypothesis, the trace alternates between the active and inactive states. The data on consolidation and reconsolidation indicate that whenever active, the trace enters a special state ( " postactivation state " ), in which it is highly plastic and susceptible to interference by amnesic agents. This runs counter to the dual trace hypothesis, which predicts no augmented plasticity after retrieval once consolidation is over.
It is noteworthy that the active/inactive types of models neither nullify the existence of a unique initial consolidation process nor preclude an early maturation phase for each item in memory immediately following its encoding. As noted above, studies comparing consolidation to reconsolidation show that reconsolidation is not a faithful recapitulation of consolidation. In addition, studies on the role of PKM ζ in neural plasticity and memory show that memories are not sensitive to PKM ζ inhibitors in the fi rst hours after training. All this implies that the properties of a fresh memory are different from those of an old one. But once long-term memory is established, the active/inactive models assume that the memory is still malleable and not stored as an indelibly consolidated item. Resorting to metaphors, the combination of the dual trace model with the consolidation hypothesis connotes a " storehouse " class of metaphors, 18 whereas the more recent data on the high plasticity of the long-term trace and the " cyclic " models that stem from these data favor a " phoenix " type of metaphor: Occasionally, items in memory get the opportunity to be reborn again and again.
The Advantage of Instability
The fi ndings that items in long-term memory are prone to change either upon their reactivation in retrieval (i.e., reconsolidation) or even in the absence of such explicit reactivation (e.g., by interfering with persistent activity of the cellular information-keeping machinery), may at fi rst seem counterintuitive. It does seem advantageous to abort the formation of long-term memory in the consolidation window to eliminate new information that is judged by the brain to be superfl uous or only of temporary value. But, once information is judged to be valuable for long-term use and hence consolidated, why should it be modifi ed over time? Similar to the answer to any other teleology-driven question in science, the answer to this question as well is supposed to be a priori speculative. Still, the intellectual exercise is worth playing. First and foremost, the possibility should not be excluded that this potential frailty of declarative long-term memory refl ects an inherent mechanistic shortcoming of the biological system, rather than adaptivity. That said, it is still worthwhile to consider adaptive possibilities. The fi rst that comes to mind is that memories too robust are a potential disadvantage, as they may not fi t anymore to guide the proper action and reaction in a changing environment. The updating process, as noted above, is highly valuable. Updating in retrieval can benefi t from the existence of the reconsolidation window. Updating outside the time The price paid by the organism for this plasticity may be the reduced veracity of stored information. It is noteworthy that for at least one type of memory system, episodic memory, this has been proposed as an advantage rather than an imperfection. 20 It has been postulated that the function of the cognitive system that we dub " episodic memory " is primarily to permit generation of mental time travel and particularly the imagination of scenarios of future events rather than storing the memory of past events.
If indeed " episodic memory " is primarily a mental future-time-travel organ, the fact that items in long-term memory change over time is not a disad-
vantage, but rather an advantage. The reason is that imagination permutates and extends our previous experience, not unlike the recursiveness proposed to underlie the faculty of language; and hence too rigid a memory may lead to poor imagination, one that plays scenarios of the future that are only similar to the past. 21 Thus the elementary neuronal mechanisms that permit recurrent updating of items in long-term memory may have also permitted us to evolve a more effective imagination, clearly a faculty of great phylogenetic value.
Engrams as Palimpsests
Is the engram permanent then? Given that synapses, cells, and circuits seem to be in constant fl ux, that experience-dependent modifi cations in neural systems have ample opportunities to become redone and possibly undone, and that the engram refers to the physical trace formed in encoding, the fi rst answer that comes to mind is no. But this answer is rather simplistic. To arrive at a more realistic one, we need to consider two fundamental issues. The fi rst is the level of details that are valuable for the organism to remember. The second is the distinctiveness or " individuality " of engrams, that is, the distinct set of informational attributes that refl ect the unique event that had led to the formation of the engram and are supposed to be " stored " in that specifi c engram.
Memory systems seem to differ from one another in the resolution of the information that makes the memory item valuable to the organism. In the process of forming mental narratives, engrams merge, losing much of their original individuality. They join the distributed, large and dynamic " society of engrams " that comes to constitute our memory. To consider an engram as a discrete, well-defi ned long-term physical trace is hence a bit naive. In real life, engrams are palimpsests, refl ecting physical traces of many layers of past events. 23 Molecular, synaptic, and cellwide mechanisms, of the types described earlier in this chapter, allow the engrams to do just that.
The permanence of memory traces is hence evasive. Discrete, fi ne- 
